Owing to their multiple mechanisms of bactericidal activity, inorganic metal oxides and hybrid metal oxide nanocomposites may serve as a new class of effective disinfectants. Among metal oxide nanoparticles, iron oxide nanoparticles exhibit minimal or no cytotoxicity to human cells with very efficient bactericidal properties over a wide spectrum of bacteria. This paper presents the very first report on antibacterial properties of novel nanocomposites of iron oxide and cobalt oxide nanoparticles against pathogenic bacterial strains B. subtilis, S. aureus, E.coli and S. typhi. The enhanced bactericidal activity of the Fe/Co oxide nanocomposite was the result of synergistic effect of iron oxide and cobalt oxide nanoparticles. The nanocomposites were synthesized using co-precipitation route with increasing cobalt content in the sample and further characterized using XRD, TEM, Raman and VSM to investigate structural, optical and magnetic properties of the prepared nanocomposites, respectively. Also, the prepared nanocomposites were highly biocompatible and found non-toxic to human cell line MCF7.
Introduction
Bactericidal behavior is attributed to the compounds that restrictedly eradicate bacteria or hamper their growth without causing harm to surrounding cells and tissues. Most of the currently used antibiotics like penicillins, cephalosporins or carbapenems are chemically modified natural compounds such as β-lactams. Antibiotics with pure natural origin like aminoglycosides and pure synthetic product like sulfonamides are also in use (Nussbaum et al. 2006 ).
These conventional antibiotics are organic moieties of low molecular weights and are the backbone to fight contagious diseases. However, the broad use and abuse of antibiotics have resulted in emergence of bacterial resistance through evolutionary processes (Levy and Marshall 2004; Jayaraman 2009; Chambers and DeLeo 2009; Huh and Kwon 2011; Zhang et al. 2011; Moritz and Geszke-Moritz 2013) . This demands an unconventional and new approach to combat pathogenic bacteria and should have the potential to trespass bacterial resistance (Blecher et al. 2011; Pelgrift and Friedman 2013) . Among all the new strategies, use of nanoscale materials has emerged as most promising alternative of traditional antibiotics with very distinct pathways of bactericidal action. Other than their use as an antibiotic to combat contagious diseases, antibacterial agents have diverse applications in food processing and as coating agents on medical devices and implants to make them resistant against microbial infections. So, for this purpose the main advantages of using inorganic antibacterial agents over the traditionally used organic ones are their much higher stability at elevated temperatures and pressures with no loss of medicinal property (Xia 2008; Hajipour et al. 2012; Hood and Skaar 2012; Aruguete et al. 2013; Chipara et al. 2015) . For this application, different forms of inorganic nanomaterials like 1 3 powders, organic/inorganic hybrid coatings, powders coated on cellulose fabric, etc. can be used and they were quite successful in neutralizing a vast range of Gram-positive and Gram-negative bacteria (Foster et al. 2011) .
Recently, there was growing interest in fabricating colloid metal and metal oxide nanoparticles of bactericidal functionality against which pathogens have not yet develop resistance. These colloid nanoparticles with antibacterial properties can be used to combat bacterial pathogens because of their high bactericidal activity at very low particle concentrations (Davies and Davies 2010) . The antimicrobial properties of nanomaterials are attributed to their particle size, morphology and unique catalytic, photoactive, optical and thermal properties (Liu et al. 2009; Brayner et al. 2010; Zhang et al. 2010) . Different metal oxide nanoparticles with bactericidal property have varying mechanisms of action against bacterial cells (Fu et al. 2005; Makhluf et al. 2005; Parham et al. 2016) . Although the magnetite (Fe 3 O 4 ) and maghemite ( γ -Fe 2 O 3 ) are known to exhibit antibacterial properties (Kong et al. 2010; Tran et al. 2010; Chen et al. 2012 ), there are not many reports on antibacterial properties of hematite (α-Fe 2 O 3 ) nanocrystals in the past. Recently, hematite nanocrystals have attracted scientific attention for antibacterial application after it has been approved by the Food and Drug Administration (FDA) for food and medical applications (Basnet et al. 2013; Arakha et al. 2015; Rafi et al. 2015; Nor et al. 2016; Rudramurthy et al. 2016; Rufus et al. 2016; Sharma et al. 2016; Stankic et al. 2016 ). Other advantages of using hematite nanocrystals are their high chemical stability in varying pH range, biocompatibility and low manufacturing cost (Cesar et al. 2006) . The bactericidal activity of iron oxide nanoparticles is due to the generation of oxygen-free radicals upon conversion of hydrogen peroxide into highly reactive hydroxyl radicals via Fenton reaction (Touati 2000) . These free radicals act in multiple ways like depolymerization of polysaccharides, breaking of DNA strands, inactivation of enzymes and peroxidation of membrane lipids, which ultimately results in death of bacteria (Weinberg 1999; Touati 2000; Kohanski et al. 2007; Pareta et al. 2008) . The antibacterial behavior of cobalt oxide nanoparticles is known but there are very few reports which detail the underlying mechanisms of their bactericidal action. The general understanding is that, in the presence of an aqueous medium, i.e., inside the bacterial cell, the cobalt oxide nanoparticles trigger the production of reactive oxygen species (ROS). These ROS disintegrate all the structural building blocks of bacterial cells, i.e., carbohydrates, proteins and lipids by interacting with them which eventually cause death of bacteria. They also interact with the genetic material of bacteria and interrupt DNA replication, transcription and protein synthesis which lead to bacterial death (Wang et al. 2010; Dasari et al. 2013; Ghosh et al. 2014; Khan et al. 2015) .
In the present work, we report the detailed investigations of in vitro antibacterial activities of α-Fe 2 O 3 /Co 3 O 4 nanocomposites against four pathogenic bacteria B. subtilis, S. aureus, E.coli and S. typhi. The nanocomposites were synthesized using cost-effective wet-chemical approach and further characterized to study the structural, morphological, optical and magnetic properties. To the best of our knowledge, the synergistic effect of magnetic nanocomposite of iron oxide and cobalt oxide as an antibacterial agent is not yet reported in the available literature and hence this study is carried out to mainly investigate the antibacterial properties of α-Fe 2 O 3 /Co 3 O 4 composite nanoparticles. The simultaneous use of different mechanisms results in a situation where it is very unlikely for the bacterial cell to develop resistance to these nanoparticles because to do so, the bacteria have to go through multiple mutations simultaneously in a single cell which is a very rare event and almost impossible. Additionally, cytotoxicity of the prepared composite samples was evaluated via MTT assay and the prepared samples were found non-toxic to human cell line MCF7. 
Materials and methods

Materials
nanoparticles
Nanocomposites of hematite (α-Fe 2 O 3 ) and cobalt oxide (Co 3 O 4 ) were also synthesized using co-precipitation method. The molar concentration of FeSO 4 ·7H 2 O was kept constant as 0.1 M and the molar concentrations of Co(NO 3 ) 2 ·6H 2 O were varied as 0.025, 0.05, 0.075 and 0.1 M, respectively. For synthesizing nanocomposites, first of all the required amounts of metal precursors were dissolved in 100 ml of double distilled water in a beaker and stirred for 10 min using magnetic stirrer allowing homogeneous mixing of the precursors in water. Following this, the above solution was titrated by dropwise addition of 0.8 M (100 ml) NaOH solution under vigorous stirring. After 10 h of continuous stirring, the final products were collected by washing the prepared solutions thrice with double distilled water and once with ethanol using ultracentrifugation operated at 8000 rpm for 10 min. The obtained powder samples were calcined at 700 °C for 3 h and used as such for further characterizations. In a similar way, pure samples of α-Fe 2 O 3 and Co 3 O 4 were also prepared for comparison. Composition and code of all the prepared samples are tabulated in Table 1 .
Characterization
Structural, morphological and elemental analysis of the prepared samples were carried out using XRD (X-ray diffractometer, model RigakuUltima IV with Cu K α radiation 1.5418 Å, operating voltage 40 kV, current 40 mA and step size 0.02° in 2θ scan), and TEM (JEM2100) equipped with energy dispersive spectroscope (EDS). Optical studies of the prepared samples were carried out using confocal Raman spectrophotometer to re-conform the phase of nanomaterials by exciting them with Ar + laser 514 nm lines. Room temperature magnetic behavior of the samples was recorded using vibrating sample magnetometer, model VSMLake Shore 7404. Standard protocols were followed while performing all the above characterizations.
Antibacterial activity of α-Fe 2 O 3 /Co 3 O 4 Nanocomposites
The antibacterial activities of Fe/Co oxide composite nanoparticles were investigated against two Gram-positive bacteria (B. subtilis, S. aureus) and two Gram-negative bacteria (E.coli, S. typhi) in triplicates by disc diffusion method and growth curve analysis method, respectively.
In Bauer-Kirby disc diffusion method (Bauer et al. 1966 ), molten Mueller-Hinton agar was poured into petri plates and allowed to solidify. Following this, the plates were inoculated with the overnight grown cultures of the abovementioned bacteria. Autoclaved Whatman filter paper disks of 6 mm diameter were placed on the solidified agar and 20, 30 and 40 μl of nanoparticles suspension of each sample were loaded on the paper discs from their respective stock solutions (20 mg/ml). Double distilled water was used as suspension medium while preparing stock solution. Commercial antibiotic Gentamycin was used as a positive control and discs loaded with double distilled water served as negative/solvent control. Zone of inhibition was measured around each disc using antibiotic zone scale (Hi-media) after 24 h incubation of all the petri plates at 37 ± 1 °C.
Growth curve analysis was performed by inoculating fresh bacterial colonies in 100 ml of nutrient broth media in different flasks containing different concentrations (45, 60, 75, 90 and 120 mg/dl, respectively) of the FeK1, FeK4, Co 3 O 4 and α-Fe 2 O 3 nanoparticles. All the flasks inoculated with bacterial cultures were transferred on a shaker rotating with 200 rpm and incubated at 37 ± 1 °C. Bacterial growth in the nutrient broth media was measured by taking optical density (OD) of the bacterial suspension at 600 nm wavelength using UV-visible spectroscopy at fixed time intervals for 24 h. The flask containing bacterial culture alone (without nanoparticle) served as a positive control and used to evaluate the inhibitory effect of different concentrations of nanoparticles on bacterial growth. Bacterial growth curve was plotted by plotting a graph between OD and incubation time.
Cytotoxicity of α-Fe 2 O 3 /Co 3 O 4 nanocomposites
The cell viability was quantified by performing MTT assay which measures in vitro cytotoxicity and cell proliferation. The MTT assay is a colorimetric assay which upon cleavage by viable cell's mitochondrial enzyme succinate-dehydrogenase yields a blue colored product formazan. The scanning multiwall spectrophotometer is used to read the amount of formazan crystals produced, which is proportional to the number of viable cells present (Mosmann 1983; Denizot and Lang 1986; Wan et al. 1994) . The breast cancer cell line MCF7 cells were obtained from the National Center for Cell Sciences, Pune, India. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin and 10 μg/ ml streptomycin. The cell culture medium was maintained at 37 °C in 5% CO 2 environment. The cells were trypsinized and seeded (10 × 10 3 cells/well) in a 96-well tissue culture plate for 24 h. Following that, the old culture media were replaced with new one containing different concentrations of prepared nanoparticles. The tested concentrations were 50, 100, 200, 400, 600, 800, 1000 and 1600 μg/ml. Culture medium without nanoparticles was used as a negative control and the cells incubated with 1% Triton X100 were served as positive control. Each sample was kept in three wells to get statistically reliable results. After 24 h, the medium from each well was discarded and the cells were rinsed with 200 μl PBS followed by the addition of 10 μl of the MTT stock solution (5 mg/ml) in each well. The medium was removed after 2 h incubation and the formazan crystals were solubilized in 100 μl of DMSO. The optical density of each well, which quantifies the number of viable cells, was read at 570 nm using an ELISA microplate reader (Molecular Devices, LLC, Sunnyvale, CA, USA).
Results and discussion
XRD
The X-ray diffraction patterns of Fe/Co oxide nanocomposites (FeK3 and FeK4) are shown in Fig. 1 
TEM
The high-resolution transmission electron micrographs of Fe/Co oxide nanocomposite (sample FeK4) are shown in Fig. 2a -h. The composite sample is a mix of rod shaped and roughly hexagonal shaped nanoparticles, as can be seen in Fig. 2a-c , e. Figure 2d shows the selected area diffraction (SAED) patterns of the nanorod shown in Fig. 2c . The SAED patterns suggest that the nanorod shown in Fig. 2c is superimposed on another nanorod and is single crystalline. Figure 2f shows the SAED patterns of hexagonal nanoparticle shown in Fig. 2e . The SAED patterns suggest that the hexagonal nanoparticle is crystalline and made up of nanocrystals oriented in a single plane. Figure 2g shows the zoomed in image of upper edge of hexagonal nanoparticle of Fig. 2e . The high-resolution TEM image shown in Fig. 2h was taken by focusing the electron beam on the junction site of light and dark shades of the particle shown in Fig. 2g , consisting of both iron oxide and cobalt oxide and, hence, conforms the formation of composite nanoparticle. 
EDAX
The energy dispersive X-ray spot spectra of the equimolar Fe/Co nanocomposite (sample FeK4) is shown in Fig. 3 . The peaks of the spectra confirm the presence of elements Fe, Co, O, Cu and C. The expected peaks for elements Fe, Co and O arise from the composite sample, whereas the peaks corresponding to elements Cu and C arise because carboncoated copper grid was used in sample preparation for TEM and EDAX analysis.
Raman
The room temperature Raman spectrum of the prepared Fe/Co oxide composite nanoparticles is shown in Fig. 4 . As can be seen from Fig. 4 (Ramana et al. 2005; Marinkovic-Stanojevic et al. 2007 ). The Raman mode at 679 cm −1 is assigned to the vibrations of the octahedral sites A 1g , whereas the F 2g and E g modes are characteristics of coupled vibrations of tetrahedral and octahedral sites (Abu-Zied and Soliman 2009). The phonon lines at wavenumber 219 correspond to A 1g mode and at 287, 408 and 618 cm −1 represent three E g modes of α-Fe 2 O 3 nanoparticles, respectively. However, for some peaks a maximum shift of around 20 cm 1 3 towards higher wavenumber was observed in the composite sample with equimolar concentration of iron and cobalt which can be assigned to size effects or surface stress/strain. The Raman band at around 1296 cm −1 arises due to two magnon scattering originating from the interaction of two magnons formed on antiparallel close spin sites of α-Fe 2 O 3 nanoparticles . 
Magnetic behaviors
Room temperature magnetization curves of the samples α-Fe 2 O 3 and Fe/Co oxide composite nanoparticles are shown in Fig. 5i , and Fig. 5ii and Fe/Co oxide composite nanoparticles are summarized in Table 2 .
Antibacterial activity
The prepared nanocomposites of Fe/Co oxide are expected to show bactericidal property due to synergistic effect of When the paper disc impregnated with the test sample is placed on the agar plate, at first the disc absorbs water from the agar and then the test sample starts diffusing into agar surrounding disc. The occurrence or the absence of bacterial growth around the disc in the plate is an indirect measure to assess the antibacterial efficiency of test compounds contrary to exposed bacteria.
There are two observations apparently made from the results of Bauer-Kirby disc diffusion susceptibility test. The first is the diameter of growth inhibition zones produced by the tested samples that is concentration dependent, i.e., for the same sample, higher concentration of the sample (800 μgs) produced larger zones of inhibition. And second is that the diameter of growth inhibition zone increases with increase in cobalt concentration in the composite oxide sample, probably due to the synergistic effect of both hematite and cobalt oxide nanocrystals. Among all the tested samples, the composite samples with higher concentrations of cobalt (FeK3 and FeK4) have shown very efficient bactericidal activity against all the bacterial species with the highest being against E. coli and S. aureus and the size of inhibition zones produced by them was equivalent to that of commercial antibiotic gentamycin. Among pure samples of α-Fe 2 O 3 and Co 3 O 4 nanoparticles, α-Fe 2 O 3 nanoparticles have produced larger zones of bacterial growth inhibition against all bacteria. The diameters of inhibition zones produced by the tested samples against all bacteria are tabulated in Table 3 . Finally, based on the results obtained in the disc diffusion assay, the susceptibility of the bacterial strains against the prepared Fe/Co oxide nanocomposites can be summarized as: E.coli > S. aureus > B. subtilis > S. typhi.
Furthermore, to re-assure the antibacterial properties of prepared samples, the bacterial response in the presence of pure as well as composite nanomaterials was recorded by measuring the optical density (OD) of bacterial suspensions at 600 nm at every 6 h interval for 24 h. Growth patterns of bacteria B. subtilis, S. aureus, S. typhi and E.coli were obtained by plotting O.D. values against time. Growth patterns of all the selected bacteria were obtained in the presence of varying concentrations of nanoparticles (45, 60, 75, 90 and 120 mg/dl, respectively) in the bacterial growth media. The bacterial culture media without nanoparticles served as control and experienced robust growth of bacteria, while the culture media incubated with nanoparticles experienced reduced bacterial growth. Figure 7A , B represents the bacterial growth patterns in the presence of Fe/Co oxide nanocomposites, samples FeK1 and FeK4, respectively. Notably, the equimolar nanocomposite of iron and cobalt oxide (sample FeK4) at 120 mg/dl concentration completely diminishes the growth of bacteria S. aureus and E. coli, while at this concentration; it reduces the growth of B. subtilis and S. typhi to a large extent. The minimum inhibitory concentration (MIC) values for the sample FeK4 were observed as 90 mg/dl for B. subtilis, 75 mg/dl for S. aureus, 60 mg/dl for S. typhi and 45 mg/dl in case of E. coli, respectively. The growth patterns of the selected bacteria in the presence of pure samples of Co 3 O 4 and α-Fe 2 O 3 nanoparticles are presented in Fig. 7C , D, respectively. The MIC value of the pure samples of Co 3 O 4 and α-Fe 2 O 3 was found to be 90 mg/dl against E. coli. As can be seen from the Fig. 7C , D, both the pure samples exhibited almost similar bactericidal efficiency, with α-Fe 2 O 3 being slightly more effective. Finally, based on the growth curve analysis of the selected bacteria in the presence of prepared samples, the susceptibility of the bacterial strains towards the Fe/Co oxide nanocomposites can be summarized as: E. coli > S. aureus > S. typhi > B. subtilis.
Cytotoxicity assay
The biocompatibility and cytotoxic effect of the prepared nanomaterials on MCF7 cells were metabolically quantified through MTT assay. The obtained results were plotted as percentage cell viability versus concentration of nanoparticles and are shown in Fig. 8 . As can be inferred from the figure, among all the prepared samples, the minimum percentage cell viability observed was around 82% corresponding to the highest tested concentration (1600 μg/ml) of sample FeK4. More than 80% of the MCF7 cells were viable after 24 h of treatment with all the prepared samples. Based on the obtained results, going by the definition of biocompatibility which requires minimum 80% of cells to be viable after 24 h of treatment with the test material (Zborowski and Chalmers 2007) , we can easily say that all our tested samples are biocompatible showing cell viability between 82 and 98% after 24 h of treatment. Again, the cytotoxic effects of the samples were dependent on their A respective doses as well as ionic concentrations. Both the pure samples exhibit almost similar biocompatibility with Co 3 O 4 being slightly more toxic than α-Fe 2 O 3 nanocrystals. Among nanocomposites, cytotoxicity increases with increase in cobalt oxide content in the sample but still it is well within the permitted limit (< 20%) in case of all the prepared samples.
Conclusions
In the present work, nanocomposites of transition metal oxides (α-Fe 2 O 3 and Co 3 O 4 ) were synthesized using coprecipitation method. The X-ray diffraction patterns of the composite samples exhibit characteristic peaks of both hexagonal α- planes, respectively. The value of room temperature saturation magnetization of the composite samples has exhibited an increasing tendency of saturation magnetization value with increase in Co oxide content in the sample. The nanocomposites have exhibited enhanced bactericidal activities against all the bacterial strains used in this study, with respect to the pure samples of α-Fe 2 O 3 and Co 3 O 4 . The sensitivity order of the bacteria against the prepared samples slightly varies with the change in assessment methods (disc diffusion assay and growth curve analysis) because the magnitude of sensitivity of bacteria also depends on local environment such as temperature, pressure and pH, and cell responds differently in different environment. Nevertheless, both the methods have confirmed the efficient bactericidal properties of the prepared nanocomposites and, thus, they can be used as the potent new generation antibiotics to combat contagious diseases caused by bacteria and also they have the potential to combat multi-drug resistant bacteria because of their simultaneous multiple mechanisms of bactericidal action. Acknowledgements The authors are grateful and would like to thank the people associated with Central Instrumentation Facility, Pondicherry University for allowing us to carry out Raman and VSM studies. Again, we extend our gratefulness and thanks to the TEM unit at Sophisticated Analytical Instrument Facility, North Eastern Hill University-Shillong, for recording TEM images and EDAX of our sample.
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